loaded and a portion of the nitrate is absorbed by the blood stream as nitrate and nitrite. Some of the nitrate nomic risks (Redmond et al., 1995), but has its own recommended set of management practices to assure success. Dual-purpose and graze-only wheat should be N itrate risk to ruminants can be affected by various planted earlier than grain-only wheat. To assure early animal factors such as rumen microbes, age and fall growth, fertilizer N needed to achieve a desired condition, environmental stresses, diet and water qualgrain yield plus additional N to account for N removal in ity, as well as several plant factors including nutriconsumed forage is usually applied at planting (Krenzer, ent management, species, growth stage, environmental 1994; Zhang et al., 1998) . Oklahoma grown wheat fertilstresses, and nonstructural carbohydrate level (Alaized with 0 to 168 kg N ha Ϫ1 had leaf NO
ated the most from the FIA. Nitrate extraction over a nearly fourfold range was 18% less from fresh than oven-dried tissue. The quicka dual-purpose crop for both forage and grain (Pinchak test consumable cost per nitrate assay was similar for F-NaR and TSR True et al., 2001) . Compared with grainmethods, but the TSR was easier to use. Because a hand-held meter only and graze-only wheat systems, dual-purpose winter is not required with F-NaR, initial startup cost can be reduced. Both wheat diversifies farming choices and may reduce eco-TSR and F-NaR performed well for quick-tests of tissue nitrate.
nomic risks (Redmond et al., 1995) , but has its own recommended set of management practices to assure success. Dual-purpose and graze-only wheat should be N itrate risk to ruminants can be affected by various planted earlier than grain-only wheat. To assure early animal factors such as rumen microbes, age and fall growth, fertilizer N needed to achieve a desired condition, environmental stresses, diet and water qualgrain yield plus additional N to account for N removal in ity, as well as several plant factors including nutriconsumed forage is usually applied at planting (Krenzer, ent management, species, growth stage, environmental 1994; Zhang et al., 1998) . Oklahoma grown wheat fertilstresses, and nonstructural carbohydrate level (Alaized with 0 to 168 kg N ha Ϫ1 had leaf NO Ϫ 3 -N values at boudi and Jones, 1985; Crawford et al., 1961; Wright and Feekes growth stage 5 (pseudostem strongly erect [Large, Davison, 1964) . Forages containing less than 1000 mg 1954]) that ranged from 99 to 7960 mg kg Ϫ1 (Raun and NO Ϫ 3 -N kg Ϫ1 (dry weight basis) usually pose no risk for Westerman, 1991) . At this growth stage, two of the four cattle (Strickland et al., 1995; Undersander et al., 1999) .
Oklahoma site-year combinations fertilized with 90 kg Low levels of ingested nitrate are reduced by rumen N ha Ϫ1 had leaf NO . These nitrate levels lings, 1977), and any excess ammonia absorbed by the were present at a time shortly before cattle would norblood stream is excreted in the urine as urea. However, mally be pulled-off for dual-purpose wheat production. when high levels of nitrate are ingested, the capacity of Nitrate in plant tissue is readily water-soluble and is the normal nitrate conversion process becomes overmost often extracted from samples that have been ovendried and finely ground (Anderson and Case, 1999 Delgado and Follett; 1998; Errebhi et al., 1998; Hartz et al., 1993; Westcott addition technique. et al., 1993 Westcott addition technique. et al., , 1998 Zhang et al., 1999) or measurement of the water content of the plant sample. Accounting MATERIALS AND METHODS for differences in water content of plant samples should Forage samples with a wide range of nitrate concentrations remove variability between sap and dry tissue measurewere obtained from field-grown winter wheat fertilized with ments of plant nitrate (Delgado and Follett, 1998) . Once 56 to 235 kg N ha
Ϫ1
. Except for the range of N fertilizer the tissue extract is obtained, the analysis for nitrate treatments, recommended cultural practices were followed should not be delayed unless the extract is chemically (Krenzer, 1994 pie, 1975; Lowe and Hamilton, 1967; Patton et al., 2002;  to be harvested for hay. On both dates, plants in 0.5 m of row Titheradge, 1998) , and are most commonly applied for from four separate locations in each plot were cut to a height clinical diagnostics. The intensity of an azo dye comof 5 cm, put into plastic bags, and placed on ice before repound formed with nitrite is proportional to the amount turning to the laboratory for separate processing of each samof nitrate and is measured using instruments with abple. Plants from each sample were cut into approximately 1-cm segments, mixed thoroughly, and ≈60 g was put into a sorption or reflection spectrophotometers. Another paper bag, weighed, dried at 60ЊC to constant weight for moiscommon method is potentiometer detection of nitrate ture content, then ground in a cyclone mill with a 1-mm screen using an instrument equipped with an ion electrode for dry tissue tests. Twenty g subsamples of the cut tissue specific for nitrate (Anderson and Case, 1999; Sah, 1994;  segments were put into plastic bags then placed in an ultra- Wilhelm et al. 2000 (Rosen et al., 1996) and soil solutions (Hartz et al. 1993; MA) . Tissue was macerated thoroughly by blending at maxi- Holden and Scholefield, 1995) small hand-held instruments. A field nitrate extraction though frozen tissue was used for extraction. Compared with results; the electrode surface was rinsed with deionized H 2 O fresh tissue, freezing the sample before extraction results in between each measurement. a 7.5 Ϯ 3.4% difference (mean Ϯ SE, n ϭ 8) that was not TSR (test-strip reflectance). The Merck RQflex Plus handsignificant (data not shown).
held instrument, #16950, and Reflectoquant nitrate test strips, #11697-1 (EM Science, Cincinnati, OH) was used according to directions included with the instrument and test strips. Cali-
Nitrate Assays
bration was achieved with a preprogrammed bar code. Each Nitrate in dried and fresh tissue extract was measured by extract was measured twice using two separate nitrate test laboratory and quick-test methods that used chemical or enzystrips, and the average value was used to compare method matic (NaR, nitrate reductase, E.C. 1.6.6.1) reduction of niresults. Extract from dried tissue was used without dilution trate to nitrite, or a nitrate specific electrode. Table 1 from an oven-dried sample. The wheat sample used to prepare diluted 1:20 with extraction solution. Next, 90 L of an assay the extract contained low nitrate (125 mg NO Ϫ 3 -N kg Ϫ1 as buffer mixture was added to each well and the plate was mixed for 20 min, followed by the addition of 30 L of quench agent determined by the laboratory M-NaR nitrate assay) and was to each well and mixing for 10 min. Finally a sequence of two extracted as described above. A low nitrate wheat sample was color reagents, each 50 L, was added to the wells and mixed chosen so that accurate additions of nitrate to the extract for 10 min before measuring the 540 nm absorbance of the could be made while maintaining the concentration of the wells with a SpectraMax Plus microplate spectrophotometer extract for the different methods as in the previously described (Molecular Devices, Sunnyvale, CA).
assays of oven-dried tissue. A range of nitrate additions to the extract or deionized H 2 O (appropriate for the standard Quick-Test Methods range of each method) was prepared and analyzed for nitrate using FIA, M-NaR, ISE-card, and TSR methods. For each ISE-Card (compact ion meter). A Cardy compact ion meter nitrate assay method, the concentrations of extract in the (C-141, Horiba Instruments Incorporated, Irving, CA) was assays were the same or only slightly less than those used with used by diluting oven-dried and fresh tissue extracts 1:1 with the oven-dried samples. Final concentrations of extract in the 150 mM A1 2 SO 4 . The meter was calibrated frequently (no assays were 100 mL L Ϫ1 with FIA, 500 mL L Ϫ1 with ISE-card, more than every three samples) with 35 and 350 mg L Ϫ1 and 950 mL L Ϫ1 instead of normally undiluted extract used NO Ϫ 3 -N in 75 mM A1 2 SO 4 . Each extract was measured three times and the average value was used to compare method with the M-NaR and TSR methods. 1.250 Ϯ 0.328) within the 500 to 1500 g NO 
F-NaR method using a spectrophotometer (F-NaR abs)
The estimated amount of nitrate in untreated extract was then subtracted from the measured nitrate concentration of treated and visual rating (F-NaR vis) of the nitrate assays for extract to give adjusted nitrate concentrations representing extracts from both oven-dried and fresh field samples the different amounts of nitrate standard added to the original were correlated strongly (r Ն 0.95) and had a corresponextract. The adjusted nitrate concentrations of treated extract dence not significantly different from 1:1 (Fig. 3) 
Nitrate Extraction Efficiency of Fresh Tissue
oven-dried tissue was markedly better than that of the ISE-card method ( Fig. 1; Table 2 ). Often the nitrate Mean differences between matched pairs of nitrate value of a sample measured by the alternative laboravalues obtained with fresh tissue extracts and those obtory and quick-test methods was greater than the value tained with oven-dried tissue extracts were significantly obtained from FIA. In all cases, tissue nitrate mean less (P ϭ 0.05) than 0 for both FIA and M-NaR laboradifferences between M-NaR, ISE-card, TSR, and F-NaR tory nitrate assay methods (data not shown). Nitrate abs and the FIA method matched pairs were signifiextracted from fresh tissue averaged about 18% less cantly greater (P ϭ 0.05) than 0 (Fig. 1) . Nitrate values than that recovered from the same tissue that was ovenmeasured with the ISE-card averaged 90% greater than dried, and the correlations (r Ն 0.99) between nitrate those obtained by FIA, while the enzyme methods (NaR values derived from oven-dried and fresh tissue extracts and F-NaR abs) and TSR method averaged about 26 and were equally strong when measured by either the FIA 15% greater than the FIA results, respectively (Table 2, or M-NaR laboratory methods within a range of about slopes). Only the regression of the TSR method with 500 to 2000 g NO Ϫ 3 -N g Ϫ1 dry weight of wheat tissue the FIA method had estimated Y-intercept confidence (Fig. 4) . Estimated Y-intercept confidence limits bracklimits that bracketed the origin and the Y-intercept upeted the origin for both the FIA and M-NaR laboratory nitrate assay methods. per confidence limit values of the other methods were 
Recovery of Nitrate Added to Tissue Extract
assays of nitrate concentration in treated extract were also less (14%) than the nitrate concentrations of soluFor the M-NaR method, concentrations of nitrate tions made with deionized H 2 O. In contrast, measureadded to an extract from an oven-dried sample was ments of nitrate treated extract by the ISE-card method nearly identical (1.5% less) to those of nitrate solutions were slightly more than 5% greater than the concentraprepared with deionized H 2 O, while the concentrations tion of nitrate in deionized H 2 O (Fig. 5) . For each of nitrate in treated extract were almost 25% less than method the nitrate concentration mean difference bethose in deionized H 2 O when measured by FIA (based on linear regression slopes, Fig. 5 insets) . The TSR tween matched pairs of treated extract and nitrate solu- tion made with deionized H 2 O was significantly different (P Յ 0.05) than 0 (Fig. 5 insets) . r Ն 0.98 and for fresh samples r Ն 0.99 (data not shown). Even though the matched pair mean differences in tissue between the ISE-card nitrate assays and all the other nitrate between the NaR methods and the TSR method methods (Fig. 1) . Apparent underestimation (FIA, TSR) were significantly greater (P ϭ 0.05) than 0, this differand overestimation (ISE-card) of tissue nitrate values ence did not exceed 56 g NO Ϫ 3 -N g Ϫ1 dry weight (data would be important when examining physiological pronot shown) and was less than the matched pair mean cesses of nitrate metabolism of forages. However, in differences (Ͼ137 g NO Ϫ 3 -N g Ϫ1 ) between the NaR terms of screening for potentially harmful nitrate levels methods and the FIA methods (Fig. 1) . Similarly, for in livestock feeds, forage and livestock management extracts of fresh tissue (20 g fresh weight per 40 mL of decisions based on the differences in nitrate values dilute propanol solution), assays of nitrate using FIA among the quick-test methods would probably be unaf-(1:100 dilution of extract) were usually lower than the fected. assays of nitrate with the other methods (Fig. 2) .
Among the alternative methods, the ISE-card was Because the efficiency of nitrate reduction by the Cumore variable and deviated the greatest from the results Cd reduction can be adversely affected by interferences obtained using FIA to measure nitrate extracted from in plant extracts (Alves et al., 2000; MacKown, unpub- wheat samples (Fig. 1, Fig. 2 , and Table 3 ). This occurred lished data, 1990), we have routinely used a dilution even though ionic strength adjustment and frequent ratio of no less than 1:10 when nitrate is measured in two-point calibration of the meter was performed. For extracts of oven-dried plant samples (0.1 g 10 mL
Ϫ1
assays of nitrate in potato petiole sap, Rosen et al. (1996) deionized H 2 O). Apparently, the extraction protocols obtained excellent agreement of concentrations beand dilution of extracts used with these wheat samples caused interference in the reduction and assay of ex- and NaR kit nitrate assays (Fig. 1) and would account partially for the differences observed (20 g fresh weight) of freshly collected forage and allow rapid extraction with an inexpensive hand-held blender. tween the ISE-card meter and two laboratory methods (slopes of 1.0 and 0.99), but for sap NO The moisture content of the forage must be measured or estimated to express fresh tissue nitrate on a dry-L Ϫ1 the variability of the ISE-card meter appeared to be greater than that of a laboratory ISE method when weight basis. Relatively rapid gravimetric moisture measurements could be achieved by either conventional or both were compared to a laboratory conductimetric instrument that is not sensitive to interferences often obmicrowave drying. Alternatively, dry matter estimates could be achieved using a developmental growth stage served with ISE measurements. In contrast, we obtained higher values using the ISE-card meter when compared calibration curve that would probably be acceptable for screening forage for potentially toxic levels of nitrate. with FIA results (Fig. 1 matched pairs (Hordeum vulgare L.) obtained in this study with 10 samples of a single variety (mean Ϯ SE, 847 Ϯ 2.7 g kg Ϫ1 fresh weight). The nitrate sap nitrate values obtained by ISE-card meter were 25% greater than those obtained with a laboratory ISE extraction protocol used for fresh samples, however, failed to extract nearly 18% of the nitrate found in (based on linear regression slope). Among the quicktest nitrate assays the NaR kits and TSR method apoven-dried samples (Fig. 4) . Apparently the fresh tissue maceration and inclusion of propanol (50 mL L
) to peared to be the most accurate with oven-dried tissues (Fig. 1) , while with fresh tissue the TSR and M-NaR increase permeability of intact plant cells was less effective for nitrate extraction than achieved with finelymethods agreed well (Fig. 2) .
As conceived, the nitrate extraction protocol for fresh ground oven-dried samples that were extracted with deionized H 2 O for 1 h at 98ЊC. The extraction efficiency tissue was intended to use a representative subsample of fresh tissue nitrate, however, was constant over a Selection of a particular nitrate assay method for labonearly four-fold range in tissue nitrate (Fig. 4) . To mearatory or field quick-tests depends on needs for accuracy sure nitrate levels of fresh forage accurately, either the and ease of use. The laboratory M-NaR method for efficiency of nitrate extraction must be improved, or the plant tissue extracts lacks potential interferences and extraction efficiency for each source of forage deterpossible health concerns associated with FIA use of a mined and used to adjust the nitrate level. If a microCu-Cd nitrate reduction column. Although the laborawave oven were accessible, simply heating the blend of tory M-NaR kit is designed to use microplates for the macerated fresh tissue should increase the efficiency of reaction and absorbance measurements, other alternanitrate extraction.
tives exist. In addition to test tube NaR kits, the enzyme Among the quick-test methods, the consumables cost method has recently been developed for water analyses of 10 nitrate assays ranges from about $3 to $11. The by automated air-segmented continuous-flow instruinitial cost of an instrument (if required) for the assay ments, but the cost is currently much greater than with can be as much as $1000 (Table 4 ). The F-NaR field similar instruments using Cu-Cd for nitrate reduction test kit can be used accurately without an instrument, if one visually ranks the nitrate assay with a set of nitrate nearly 1:1 correspondence (Fig. 3) green color in the extract added to the assay reaction § For NaR field and test tube assay kits developed and marketed by The Nitrate Elimination Company, Inc., Lake Linden, MI.
mixture. 
